ABSTRACT
Introduction
Nowadays, the use of internal combustion engines in vehicles is one of the principal causes of several pollution problems as air and sound ones. Therefore, the electrical vehicles constitute an excellent candidate to avoid these problems. However, since their appearance, the major problems of this type of vehicles remain in high cost, weak autonomy and over speed problems. For that, it becomes essential to give a particular care when choosing the principal element of the electric traction chain which is the electric motor.
For electric traction applications, synchronous or asynchronous motors [1] with radial or axial fluxes [2, 3] , can be used. In order to increase the torque generation capability, these motors can be modulated. Moreover, the consequent progress of the permanent-magnet technology makes permanent magnets synchronous motors more and more utilized for variable speed and high performance systems.
In [4] , an effectiveness and mass comparison study between radial and axial structures of a permanent-magnet synchronous motor was presented. For a constant power, it was demonstrated that the axial configuration with 4 pole pairs in rotor and 6 teeth in stator has the best compromise effectiveness-mass. Thus, this motor appears particularly interesting for electric vehicle applications. In fact, the axial-flux permanent-magnet motor has many advantages [5] as: 1): high effectiveness and high power factor, 2) high specific power, 3) no ring-brushes and 4) possibility of modularity.
As an industrial application we can mention that JEUMONT industry used the technology of axial flux structures to develop high power machines intended to boats and Aeolian alternators driving [6] .
This paper presents the design of a high power -low dimensions axial-flux permanent-magnet motor for a traction application. First, the design criteria of electrical parameters are highlighted for trapezoidal and sinusoidal motor configurations. Then, considering the vehicle specification, the motor geometric parameters are analytically determined for a comparison based on finite element calculation between both configurations performances. Finally, a traction chain integrating best configuration is modelled under MATLAB/SIMULINK environment in order to demonstrate the motor operation on a large speed band without weakening flux method.
Generalities about Axial-Flux PermanentMagnet Motor
Several axial-flux machine configurations exist depending on the stator(s) position(s) with respect to the rotor(s) ones, as shown in Figure 1 . We can find:
• A structure with one rotor and one stator, Figure 1 (a).
• A structure, in which the rotor is located between the stators, Figure 1 
(b).
• A structure, in which the stator is located between the rotors, Figure 1 
(c).
• A multistage structure including several rotors and stators Figure 1(d) .
In traction applications, more the motor has higher torque generation capabilities more it is interesting. As radial-flux motors, the axial-flux ones can be modulated which leads to the increase of their torque generation capabilities [1, 2, 4] . In fact, the four configurations shown in Figure 1 are used for traction applications. The torque generated with the fourth configuration, composed of four modules (Figure 1(d) ), is twice times greater than the torque of the third and the second configurations which contain two modules, Figure 1 It is to be signalled that configurations illustrated in Figure 1 (b) and Figure 1 (c) have the same torque generation capabilities and the choice between both depends if the application needs an outer or inner rotor.
In the present paper, we have been interested in the integration of the axial-flux technology for automotive traction application as shown in Figure 2 .
Analytical Design of the Unit Motor -Inverter
In the present section, the single-rotor -single-stator structure which is the simplest axial-flux permanentmagnet motor configuration [7] is considered, Figure 1(a) . At the beginning and in order to satisfy the design criteria of the motor associated to its inverter, the electrical parameters are calculated for two configurations: the three-phase motor with trapezoidal back e.m.f wave form and the three-phase motor with sinusoidal back e.m.f wave form. Then, in order to define the structure of the considered motor configurations, the geometrical parameters are analytically calculated, using the vehicle specifications recapitulated in Table 1 (Appendix).
During the design process it is required that: when the vehicle reaches the maximum specified speed, the motor is controlled with full wave form and develops the needed torque. At this operation point:
• The electromagnetic torque T em , via the mechanical transmission system (reducer and differential), is expressed as the following:
where T dm is the starting torque expressed as:
• The maximum value of the motor back e.m.f is:
Taking in account the vehicle specification mentioned in Table 1 , the motor must develop a torque of T em = 40.625Nm with a maximum value of back e.m.f equal to E c =138.462V.
It is to be signaled that, in coming EF study the last mentioned values of T em and E c will be used to verify the calculated geometrical parameters of the obtained concept. A conventional six-switch three-phase inverter is used to supply the motor armature. In order to recuperate energy during the deceleration phases, the inverter has reversible structure.
In what follows, we are involved in an analytic calculation of the input direct voltage of the inverter U dc , and the maximum current intensity I ph feeding the motor phases.
Design Criteria of Electrical Parameters for a Trapezoidal Wave Form Motor
To supply this motor, currents in 120° electric crenels shape are considered. The motor power supply appears as a succession of 60° electric sequences during which two phases are simultaneously crossed by two opposite constant currents as shown in Figure 4 . Analysing Figure 4 , one can notice that: 1): the motor back e.m.f is trapezoidal and 2): the resulting torque is as a simple juxtaposition of the three phase's constant torques. However, in order to limit the torque ripple, it is required to guarantee the right duration for each operation sequence and also an excellent form of the back e.m.f [8] .
At the considered operation point, the electromagnetic torque of the motor is related to the phase current intensity as follows [9] : At the considered operation point, the electromagnetic torque of the motor is related to the phase current intensity as follows [9] Figure 5 illustrates the crenel shape of the current feeding motor phases.
The current wave form shows two important parameters [10] :
• The current maintaining time t p :
where  max is the maximum angular velocity of the motor.
• The current rising time t m :
with R and L are the phase resistance and the phase inductance, respectively. The torque ripple factor r, is defined as [10] :
For a fixed value of the ripple factor, the input direct voltage U dc can be obtained as follows:
Design Criteria of Electrical Parameters for a Sinusoidal Wave Form Motor
The output voltages of the inverter applied to the armature of the sinusoidal back e.m.f configuration of the permanent-magnet axial-flux motor are illustrated in Figure 6 . The fundamental of the back e.m.f of the first phase is 
To guarantee operation regime under maximum torque, the motor piloting angle between the back e.m.f E C and the phase current I ph is fixed equal to zero in the control system. At the maximum speed, the maximum value of the fundamental can be simply obtained from the Fresnel diagram as:
where  max is the maximum pulsation of motor voltage. The input direct voltage U dc can so be calculated using the following expression:
At the considered operation point, the electromagnetic torque developed by the considered configuration of the motor is related to the phase current intensity as follows [9] :
is the electric constant of the motor.
Consequently, the phase current intensity is:
Furthermore and for both configurations of the motor: the permanent-magnet axial-flux motor with trapezoidal back e.m.f wave form and the permanent-magnet axial-flux motor with sinusoidal back e.m.f wave form, the armature parameters R and L are expressed as the following [12] :
• Phase resistance:
is copper resistivity at the temperature Tb, N tc is the total number of conductors,  is the current density and L sp is the mean length of one turn.
U ph 2U dc /3 U dc /3 t
• Phase inductance:
with is the air-gap inductance and is the phase leakage inductance through one slot. 
Geometrical Parameters of the Motor
The considered permanent-magnet axial-flux motor is composed of only one module containing two parts: one stator and one rotor, as illustrated in Figure 1(a) .
The stator yoke is laminated and made up of iron-silicium, Figure 1(a) . It contains 12 identical slots where the three phase winding is inserted. Totally, 6 coils are used and each phase is obtained by putting in series two appropriate coils, as shown in Figure 8 . The stator teeth are of two kinds: 1) 6 large teeth called principal teeth, around which coils are winded, and 2) 6 small teeth located in between adjacent principal teeth, called inserted teeth. The width of the inserted tooth is variable depending on wished back e.m.f form.
The rotor is an iron massive disc where eight samarium-cobalt permanent magnets, with a remanent polarization of 1.175T, are mounted on its surface and four pole pairs are so obtained as shown in Figure 7 (a) and (b). Figure 9 shows the geometrical parameters necessary to define the structures of both configurations of the surface-mounted axial-flux permanent-magnet motor. Before calculating these geometrical parameters, specific coefficients have to be defined:
: rotor occupancy rate by permanent magnets. This coefficient is equal to 1 when the mounted permanent magnets cover the whole surface of the rotor, and is equal to 0.5 when permanent magnet surface is equal to the air one in rotor. • ndnp te R N p  : report of the teeth number (N te ) by the number of pole pairs.
• did itm ptm R A A  : report between the angular width of an inserted tooth A itm by the angular width of a principal tooth A ptm , Figure 7 . In coming finite elements study, the last defined coefficients are taken same as ones used in [9] and [10] . These coefficients are resumed in Table 2 (Appendix). In the mentioned works, [9, 10] , it has been demonstrated that the considered values guarantee the best wave forms of gene- Referring to [12] , the motor geometrical parameters are calculated by integrating the mentioned coefficient in trigonometric formulas. The obtained geometrical parameters for both motor configurations are recapitulated in Table 2 (Appendix).
Finite Elements Study
In axial-flux motor, the magnetic phenomena are symmetrical according to the motor radial direction. Thus, the finite elements study of the two motor configurations can be simplified from 3D to 2D finite elements study which is simpler and more speed from the point of view of calculation time. The used software is MAXWELL 2D [13] . Figure 10 illustrates the finite elements study domain of the trapezoidal configuration of the axial-flux motor.
In order to validate the analytical calculated parameters, this study is intended to the computation of the generated fluxes in the motor air-gap which yields the back e.m.fs and the developed torque at load operation point. In the first step, the geometrical parameters analytically calculated in Subsection 2.3 are used to define the geometry used in the finite elements program. Then, in a second step and for different values of the rotor position, two different finite elements calculations are processed:
• An investigation of the effect of only the permanent magnets: the machine is working as a generator at no-load operation regime. The fluxes wave forms due to the permanent magnets effect are so carried out. Consequently, motor back e.m.fs wave forms and amplitudes are deduced which characterise the electric/mechanic power transfer.
1'
• A computation under load operation point: the current feeding the motor armature is in phase with the back e.m.f obtained through the previous study. The so generated flux is used to find out the machine torque. Figure 11 shows the flux lines through the magnetic circuit of the sinusoidal wave form configuration of the axial-flux motor due to the effect of only the permanent magnets and Figure 12 shows the flux lines through the magnetic circuit of the sinusoidal wave form configuration of the axial-flux motor under load operation.
Analyzing these figures, one can notice that leakage fluxes between permanent magnets do not exist and all generated fluxes are useful.
Finite Elements Study at Generation Mode
For both configurations of the axial-flux motor, the considered operation point corresponds to the maximum speed of the vehicle (80km/h) which means an angular velocity equal to 341.88rad/s. For trapezoidal configura- tion and sinusoidal one, the wave form of generated fluxes in the air-gap are illustrated respectively in Figure   For each motor phase, the back e.m.f can be obtained considering a perfect magnetic circuit and using the following expression: 13(a) and (b) where rotor position is varied from 0° to 90°. Figure 14 shows the wave form of the obtained back e.m.fs for both axial-flux motor configurations.
Analyzing those figures one can remark that in the case of the trapezoidal configuration of the motor the generated back e.m.fs are perfectly trapezoidal and in the case of the sinusoidal motor configuration the generated back e.m.fs are also perfectly sinusoidal.
Finite Elements Study under Load Operation
In this section, the motor is considered under load operation regime. The motor armature is supplied by three currents in phase with the back e.m.fs obtained at the no-load operation of the generation regime. As illustrated in Figure 15 (a) and (b), crenel shape currents with a maximum intensity I ph_trapeze = 50.154A are used for the trapezoidal configuration, and sinusoidal shape currents with a Considering Equation (16) and for a perfect magnet circuit, the back e.m.f of the motor can be calculated and illustrated as shown in Figure 15 (e) and (f) for trapezoidal and sinusoidal configurations, respectively. Referring to the aforementioned figures, one can remark the following: 1): for both configurations the analytical maximum value of the back e.m.f E c = 138.462V is reached, 2): the sinusoidal configuration generates a sinusoidal back e.m.f without peaks which yields a torque wave form with no peaks, Figure 15 (h). However, the trapezoidal configuration generates a trapezoidal distorted back e.m.f containing several peaks giving a torque wave form with several peaks too, Figure 15 (g).
Referring to Figure 15 (g) and (h), both motors are able to develop the requested torque. The ripple figuring in the torques wave forms is due essentially to the motors cogged structures which cause the appearance of a cogging torque. Considering the obtained torques wave forms, vibration problems due to the torque ripple are sharper in the case of trapezoidal motor than in the case of the sinusoidal one. For that, in coming study, only the features of the permanent-magnet axial-flux sinusoidal motor are investigated.
Traction Chain Modelling
The present section is devoted to the modelling of an axial-flux motor with sinusoidal back e.m.f wave form associated to a six-switch three-phase inverter for traction application. The whole traction chain is modelled in order to investigate the motor behaviour vis-à-vis of a desired speed sequence and of the circulation mission of the National Institute of Research on Transports and their Security (INRETS). Figure 16 shows the block diagram of the adopted control vector strategy of the motor implemented under MATLAB/SIMULINK environment.
The synchronous permanent magnet machine can be described in the d-q referential as follows [14] :
with  e is the electric pulsation, L d and L q are respectively direct in squaring inductances. The direct and in squaring components of the current can be deduced using:
with S is Laplace operator. The developed electromagnetic torque is so expressed [15] :
Considering the fundamental dynamic law describing the vehicle motion, the torque needed on wheels is:
with T br is the torque due to bearing resistance force, T aero is the torque due to aerodynamic load, T g is the torque due to gravity forces,  a coefficient related to the inertia of turning parts (wheels, driving shaft and gearing system) and T r is the resistive torque.
of turning parts (wheels, driving shaft and gearing system) and T r is the resistive torque. The control strategy block diagram, shown in Figure  16 , presents two regulation loops: the first loop is used for speed regulation and the second one for current regulation. The control vector strategy operates with only the in squaring component of the current. For that the direct current is cancelled and its reference value is fixed to zero. Consequently, referring to Equation (20), the developed electromagnetic torque is expressed as:
The control strategy block diagram, shown in Figure  16 , presents two regulation loops: the first loop is used for speed regulation and the second one for current regulation. The control vector strategy operates with only the in squaring component of the current. For that the direct current is cancelled and its reference value is fixed to zero. Consequently, referring to Equation (20), the developed electromagnetic torque is expressed as:
The Inverter switches are driven using PWM control signals and the three voltages provided to supply the motor armature are:
with U ph1 , U ph2 , U ph3 are the three phase voltage provided by the inverter, and C 1 , C 2 , C 3 are the command constants for the inverter high transistors T 1 , T 3 and T 5 , respectively.
The constants C 1 , C 2 and C 3 are generated using a PWM generation block, Figure 17 , based on the comparison between a triangular signal which frequency is equal to the desired commutation frequency of the inverter switches and a sinusoidal one which pulsation gives the desired motor speed. A transistor switched on corresponds to C = 1, and a transistor switched off corresponds to C = 0.
At vehicle maximum speed (80km) and for the geometrical parameters analytically calculated and validated by the finite elements study, the direct voltage applied to the inverter U dc , the motor resistance R, the direct inductance of the motor L d , the in squaring inductance of the motor L q and the electric constant of the motor K e are analytically determined, Table 3 (Appendix). For the obtained values and for a switching frequency f c = 3.3kHz, the inverter provides three chopped and equilibrated voltages to supply motor armature, Figure 18 .
Simulation Results

Speed Sequence
The desired speed sequence, Figure 19 , requires three speed levels. Considering the parameters given by the motor speed carried out using the traction elaborated traction chain model is illustrated in Figure 19 . Analyzing this figure, one can notice that the vehicle speed reaches the wanted value in a relatively weak time.
Circulation Mission
To validate the use of a motor for traction application, the INRETS tests the behaviour of such motor using the speed instruction illustrated in Figure 20 (a). Such speed instruction is called circulation mission. It consists of a normalised trial for vehicle motor tested for long distances and variable speed under hard constraints.
In the last section, the designed motor was able to follow a desired speed instruction. For the present study, let us consider the INRETS circulation mission and investigate the motor behaviour. Figure 20 (b) shows that the electric vehicle speed follows to the required circulation mission with a little delay as found in Subsection 5.1.1.
Conclusions
The present paper was devoted to the design of high power -low dimensions axial-flux permanent-magnet motor for electric vehicles. In a first step, the electrical and the geometrical parameters of the motor integrated in the whole traction chain was analytically calculated considering the vehicle specifications. Then in a second step, we have been interested in a finite elements study in order to validate and complete the analytical obtained results. It has been found, that the built analytical model provides accurate values of electrical and geometrical motor parameters. Furthermore, a comparison between the electromagnetic torque obtained by the trapezoidal configuration and one developed by the sinusoidal configuration was made using the finite elements study. The high ripple noticed in the wave form of trapezoidal motor's torque leads to discard this configuration and emphasize the choice of sinusoidal configuration for traction applications. Finally, the designed sinusoidal motor behaviour was investigated considering firstly a desired For that, we have been involved in the modelling and implementation under matlab/simulink environment of such motor associated to six-switch three-phase inverter and integrated in the whole traction chain. For both tests, the motor was able to follow and to provide the requested features which make the sinusoidal axial-flux permanent-magnet motors serious competitors of conventional radial-flux permanent-magnet motors for automotive traction applications. 
Appendix
